Optical and Atomic Force Microscopy Studies of Rhombohedral Domains in C70 Crystals by Verheijen, M.A. et al.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/28754
 
 
 
Please be advised that this information was generated on 2017-12-05 and may be subject to
change.
P h i l o s o p h i c a l  M a g a z i n e  A, 1995, V o l .  72, No. 5, 1141-1159
Optical and atomic force microscopy studies of 
rhombohedral domains in C 70 crystals
By M. A. V e r h e i je n ,  M. S. C o u to ,  K. W. M. K o u t s t a a l
an d  W . J. P. V an  E n ck ev o rt
RIM Laboratory of Solid State Chemistry, Faculty of Science,
University of Nijmegen, Toernooiveld, 6525 ED Nijmegen, The Netherlands
[Received 7 November J994f and accepted 27 March ƒ 995]
A bstract
On the {100} and {111} surfaces of C70 crystals the phase transition of the f.c.c. 
structure towards the trigonal structure has been studied in situ with the help of 
optical reflection microscopy, Extensive ex situ studies of domain patterns on both 
types of surface have been performed using both optical and atomic force 
microscopy. A detailed interpretation of the domain patterns is given. An additional 
phase transition was observed in situ at 303 K.
§ 1. I ntroduction
The crystal structure of C70 has been the subject of extensive studies. Upon growth 
from the vapour phase, both h.c.p. and f.cx. crystals have been obtained (Vaughan 
et al. 1991, Verheijen et al. 1992, van Tendeloo et a i  1993), At high temperatures the 
molecules in both structures are orientati on ally disordered. Upon cooling, the rotation 
of the molecules freezes in two steps. In the intermediate phase the molecules are all 
aligned with their long axes parallel to each other and rotation occurs only around this 
long axis. At low temperatures, rotation is completely frozen in and an ordered structure 
results. For the h.c.p. grown crystals thus an orthorhombic structure is formed (Nelissen 
et a l  1993, van Smaalen et al. 1994, Agterberg and Walker 1993) via an intermediate 
hexagonal phase.
Cooling f.c:c. C 70 crystals results in a rhombohedral distortion of the cubic lattice. 
The deformation of the cubic unit cell can be considered as a stretching of this cell along 
one of the four body diagonals (the (111) directions), the C70 molecules having their 
long axis parallel to this body diagonal. This results in four different rhombohedral 
domains. Each f.c.c. unit cell with a =  14*943 À thus transforms into one of the four
_  a
different rhombohedral cells in the (trigonal) space group R3m with a =  14-96 A and 
a =  85*7° (Vaughan et al. 1993, Christides, Thomas, Dennis and Prassides 1993). At 
low temperatures the rhombohedral structure transforms into a monoclinic structure in 
which the molecules do not rotate. The temperatures at which the phase transitions of 
both h.c.p. and f.c.c. grown C70 crystals take place depend strongly on the purity of the 
material (McGhie et al. 1994), For example, the transition from f.c.c. to rhombohedral 
C70 occurs at 361, 318 and 307 K for C6o contents of 0, 1*2 and 1*9% respectively. 
Therefore the room temperature structure of f.c.c. grown C7o is determined by its purity.
In this paper we shall present surface studies of f.c.c. grown C 70 crystals. As was 
mentioned above, the room-temperature structure of these crystals depends on the purity
t  Received in final form 25 March 1995.
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of the material. This enables us to study the surfaces of both the f.c.c. and the 
rhombohedral crystals at room-temperature conditions. In this study, attention is 
focused on the surface morphology of the rhombohedral crystals and on the phase 
transition from rhombohedral to f.c.c. and vice versa. Furthermore, the occurrence of 
a low-temperature transition of the rhombohedral structure towards a possible 
monoclinic structure is studied. The surface structures of the different phases are studied 
ex situ at room temperature using atomic force microscopy (AFM), differential 
interference contrast microscopy (DICM) and reflection polarization microscopy 
(RPM), while the phase transitions are studied in situ by optical reflection microscopy.
§ 2 . E x perim en ta l
As a starting material for crystal growth, either 90 or 99*9% pure C70 was used, the 
contamination being Cm. The growth procedure has been described in detail elsewhere 
(Verheijen, van Enckevort and Meijer 1993). As a result crystals with either a h.c.p. 
or a f.c.c. morphology were obtained. However, during cooling from 900 K to room 
temperature the crystals grown from the pure material all undergo a phase transition. 
The crystal structure of the h.c.p. crystals transforms into the deformed h.c.p. structure, 
which causes fracture of the crystals and does not allow surface studies. The structure 
of the f.c.c. grown crystals becomes rhombohedrally distorted, resulting in crystals 
made up of the four types of domain. The surfaces of these crystals show many domain 
walls, the largest of which are just visible by eye. On the other hand, the crystals grown 
from the 90% pure material all remain in the high-temperature phases and thus have 
smooth faces. In this study we focused our attention on the domain structure of the {111} 
and the {100} surfaces of the f.c.c. grown crystals. In order to be able to compare directly 
the results obtained by the different surface topographic methods, all observations were 
carried out on one single surface for both the {111} and {100} faces. The reproducibility 
of our observations was verified on several other crystals. The surfaces studied were 
approximately 1 mm2 in size. To minimize contamination and oxidation effects, the 
quartz tubes containing the crystals were opened just before beginning the optical and 
AFM studies.
For the DICM and RPM studies a Reichert MeF II optical microscope was used in 
combination with normal- and high-contrast photography. DICM is a differential 
phase-sensitive technique by which inclinations down to 0*05° can be detected 
(van Enckevort 1984). RPM was used in order to identify the crystallographic 
orientations of the different domains outcropping at the surfaces. These surfaces, which 
were oriented perpendicular to the direction of the incident beam of light, were 
examined with crossed polarizers by careful observation of local intensity changes upon 
rotating the samples around their surface normal. Extinction occurs if the polarization 
direction of the incident light is parallel to one of the two perpendicular principal axes 
of the elliptical intersection of the optical indicatrix with the surface.
To avoid cracking of the surfaces due to the heat introduced by illumination, 
low-level light intensities were used in combination with a green transmission filter.
In order to study the phase transition in situ a single crystal of about 1 mm3 was 
placed in a thermostatted vessel under a continuous nitrogen flow. The vessel 
was placed under an optical reflection microscope provided with a video camera. The 
experiment could be followed on a monitor and was recorded on videotape. Both 
bright-field reflection microscopy and DICM were used to study the surfaces. The 
temperature which ranged from 298 to 363 K during the experiments was measured with 
the help of a-Pt-Pt-10%Rh thermocouple.
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The AFM used was a TopoMetrix TMX 2010. Two different scanners with scan 
ranges of 75 and 7-5 pm respectively, together with silicon nitride cantilevers and 
pyramidal silicon nitride tips, were used. The radius of these tips w as less than 50 nm. 
All measurements were carried out under atmospheric conditions in the constant-forcc 
mode. Forces ranging from 10” 9 to 10^8 N were used.
§ 3 .  R esults
In this study the two different types of face occurring on the crystals have been 
examined in detail. For convenience, the faces of both the f.cx. and the rhombohedral 
phase will be indicated by the Miller indices representative for the high-temperature
f.c.c. structure, that is {111} and {100}. As the phenomena on both faces show large 
differences, the observations will be described separately for all techniques used.
3.1. In situ studies of the phase transitions
The phase transition of the f.c.c. towards the trigonal structure of a 99*9% pure f.c.c. 
C70 crystal was studied in situ. Two series of experiments were carried out: one 
concerning a {111} surface, and the other a {100} surface. The temperature of the 
specimen under the microscope was raised from room temperature with a rate of 
8 K m in“ K At approximately 353 K the phase transition took place. The domains 
vanished and a flat surface resulted. When the crystal was cooled, again a domain 
structure was formed on the entire surface. This temperature cycle was repeated several 
times in order to study the phase transition in more detail. Heating rates ranging from 
0*5 to 8 K min ~ 1 were applied. The temperature at which the transition was observed 
varied from 352 to 355 K. In each cycle the domain structure vanished upon heating 
and a new domain pattern was formed upon cooling, showing that the phase transition 
is a reversible process. This was observed for both the {111} and the {100} face. 
In fig. 1 the result of a temperature cycle for the {111} face is shown. For both types 
of face the pattern of domain lines is not reproduced exactly after a temperature cycle, 
but in most cases the general distributions of preferential orientations of the domain 
walls persist. From ourobservations is is not clear whether domain growth nucleates 
at the surface or in the bulk of the crystal and at what type of defect.
Upon studying the phase transition in more detail, several phenomena were 
observed on both types of face. Upon heating, the domains are mostly transformed as 
a whole into the f.c.c. structure, that is within the time resolution of our video equipment 
they disappeared instantaneously. In some cases this transition occurred in several 
stages. In this case, the domain lines shrunk stepwise in their length direction. This 
suggests that in this situation the rhombohedral phase is metastable and that the domains 
are temporarily stabilized by pinning points. During this phase transition in a few cases 
also some decrease in the width of the domains could be observed. The same phenomena 
were also observed during the reverse transition from f.c.c. towards rhombohedral.
In order to investigate the mobility of the domain walls, a crystal that had been 
studied in detail with DICM was placed in a quartz tube that was subsequently pumped 
down to 10” 5 Torr, sealed off and stored in a furnace at 333 K. After 21 days the tube 
was reopened and the crystal was again studied with DICM. No changes in the patterns 
of the domain structure could be observed on either of the faces. We therefore conclude 
that Ostwald ripening (Kern, Le Lay and Metois 1979) of the domains does not play 
an essential role, that is no growth of large domains at the cost of smaller domains due 
to interface energy minimization takes place.
On comparison of the shape of the domains before and after several temperature
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Fig. 4
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Schematic drawing of rhombohedral domain feather patterns F*/* and Fpx on {111} with
indication of domain types A, B, C and D, domain wall types I: (001), Ha: (10Î) and 
lib: (101) and angles a and fi. For the feather pattern F*// for each domain the main axes 
of the intersections of the indicatrices as well as the orientations of the C7o molecules 
are given. (The 4- and — signs indicate the orientation of the long axis.) À, B, C and 
D represent rhombohedral domains having their unique axis in the [111], the [111], the 
[111] and the [111] directions respectively. The broken lines represent domain walls that 
can only be observed by RPM.
Ila) whereas the other set is parallel to one of the / 110/ directions (type lib). In this way 
a type I line accompanied by a set of type Ila and lib lines forms the 
feather pattern. The type II domain walls in each feather are connected with those of 
the neighbouring parallel feathers. A schematic drawing of this morphology is given 
in fig. 4. The three different inclinations are indicated with A, B or C and D. The broken 
lines in this figure represent domain walls that have been observed by RPM as will be 
discussed in section 3.2.2. These walls cannot be seen with AFM as the inclinations 
of the B and C domains are identical for this type of feather on the (111) face.
As is indicated in this figure, two patterns (Fa/j and F/?a) of domain walls occur which 
are mirror images in the two-dimensional point group 3m of the {111} face in the 
high-temperature f.c.c. structure. These feathers mostly occur in groups of the same 
pattern, which is either F a^  or F/fc. In these groups, all the parallel type I lines point in 
one of the three /110/ directions. In the regions where two groups meet, either one of 
the sets of lines stops or, in a few cases, a crossing of the feathers can be observed.
The differences between the orientations of the four domains were determined by 
measuring the difference between the inclinations of two domains along a line 
perpendicular to the domain wall separating these domains. For the boundaries of type
I, Ila and lib, orientational differences of 6 4  ±0-8, 5-7 ±0-3 and 3*6 ±0*3° 
respectively were found for the Fa/? feathers and 8 ± 1 ,  6*8 ±0*3 and 3-8 ±0-6° 
respectively for the feathers.
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Also the angles between the different domain walls as projected on the {111} 
surface were measured. The average values of the angles a (between line type I and Ila) 
and /i (between line I and lib) were determined to be 31 ± 2 °  and 68 ±  2° respectively 
for the F3// feathers and 32 ± 2 and 66 ± 4° respectively for the F/ja feathers. These may 
deviate slightly from the real values owing to the drift in the AFM.
In fig. 3 (b) the {111} surface is divided in two symmetrically equivalent surfaces 
by a /l 10/ boundary which is formed by the intersection of an even number of parallel 
twin planes with the growth face. None of the domains crosses the twin boundary. 
Domain growth across this boundary seems to be impossible. In the left-hand part of 
the figure, two different groups of feathers meet each other. The boundary between these 
two groups forms a zigzag pattern that follows the orientations of the domain walls of 
the two types of feather. Some of the domain walls seem to proceed into the 
neighbouring group of domains.
in most AFM pictures, many rounded particles can be seen. During scanning, they 
can quite easily be displaced by the AFM tip. This indicates that the interaction between 
these particles and the underlying surface is weak, and therefore these particles probably 
consist of a compound different from C70* An interesting observation is that these 
particles are all lying in parallel rows that do not follow the underlying domain pattern. 
These particles are attached to the edges of the growth steps present on these surfaces. 
The fact that the particles decorate the steps indicates that the nucleation and growth 
of these particles occurred after cessation of the growth of the C70 crystal itself. As no 
domain walls are decorated, the nucleation must have taken place at a temperature above 
the f.c.c. to rhombohedral phase transition. The identity of the particles is unknown.
3.2.2. Reflection polarization microscopy studies
Several {111} faces of both 90 and 99*9% pure C70 crystals were studied under 
crossed polarizers. The {111} faces of the 90% pure crystals remained dark upon 
rotation around the surface normal, indicating isotropic reflectivity. This agrees with 
the optically isotropic nature of the f.c.c. crystals that did not undergo the phase 
transition during cooling down.
Fig. 5
RPM image of a {111} surface under crossed polarizers displaying four types of domain within
a feather.
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On the contrary, on the {111} faces of the 99-9% pure rhombohedral crystals 
anisotropy of the reflectivity could be observed. Figure 5 shows a representative RPM 
image of a part of a {111} face. The feather-like shape of type F ^  as observed by DICM 
and AFM is clearly visible. However, by means of RPM, four instead of three different 
groups of domains can be observed.
When the orientation of the sample is rotated with respect to the polarizer, one of 
the domains remains dark in all orientations (type A), whereas the other domains show 
a minimum in the intensity of the reflected light every 90 ± 4°. Type D domains are 
dark when the polarization of the incident light beam is parallel or perpendicular to the 
type I lines and type B and C domains are dark when the polarization is rotated 60 ±  4 
and 30 ±  4° clockwise respectively with respect to the former orientations. In fig. 4 the 
principal axes of the intersections of the indicatrices are indicated for the domains 
present in this ‘feather-like’ structure.
As illustrated in fig. 4 for all domains the orientation of the C7o molecules can now 
be determined. A rhombohedral domain has an indicatrix with its unique axis pointing 
in one of the (111) directions. For domains of type A the section of the indicatrix is 
circular. This implies that the unique axis of the indicatrix of a rhombohedral domain 
is oriented perpendicular to the (111) surface. Since the molecules are pointing with 
their long axis along the unique axis of the trigonal unit cell this means that they point 
along the surface normal of the (111) face. For types B, C and D, one of the principal 
axes of the section of the indicatrix is a projection of this unique axis on the surface. 
For the B domain the projection of the unique axis is pointing in the [211] direction. 
Thus the C7o molecules within this domain all have their long axes parallel to the [Til] 
direction. In a similar way it cari be deduced that the molecules in the domains of type 
C and D have their long axes parallel to the [111] and [111] directions respectively.
RPM studies of several other {111} faces also showed that both the and the F//* 
feathers occur. For both types of feather only one arrangement of domains was found, 
namely those presented in figure 2.
3,3. The {100} faces
3.3.1. Differential interference contrast microscopy and atomic force microscopy
studies
In figure 6(a) a DICM image of the {100} face of a 99*9% pure C7o crystal is 
presented. Characteristic for this surface are the domain walls running in the /010/ 
directions separating domains elongated in these directions, indicating a preferential 
orientation of the domain growth during the phase transition.
The AFM topograph presented in fig. 6 (b) shows the same geometry in more detail. 
Most of the surface parts corresponding with separate domains are tilted a few degrees 
away from the original orientation of the f.c.c. {100} face. Tilts have been found 
corresponding with the four different orientations (1 <50), (150), (105) and (105) on (100) 
with 5 1. However, some regions appear to have conserved the original orientation. 
The combination of all these domains results in a complex surface pattern displaying
‘basin’-like structures and grooves.
Details of such a basin can be seen in fig. 6 (b). Here a flat {100} area is bounded 
by the four different {150} domains all tilted in a different direction, thus forming the 
side wails of the basin. The question now arises whether the bottom of the basin is really 
molecularly flat and corresponds to non-transformed f.c.c. material or consists of 
numerous unresolved submicrometre domains. Detailed AFM scans were carried out
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Fig. 8
Schematic drawing of domain patterns on {100} showing feathers f, grooves g and a basin b.
it can be concluded that the type I boundaries on {1 1 1 } and the /0 10/ boundaries on 
{100} are caused by a domain wall parallel to a {0 0 1} face.
3.3.2. Reflection polarization microscopy studies
The {100} faces of rhombohedral C70 crystals showed a position-dependent 
anisotropy in the reflectivity upon rotation of the crystal surface under crossed 
polarizers. Large parts of the surface remained dark upon rotation. For the other parts 
of the surface, extinction could be observed every 90°. The minima in intensity were 
observed when the polarization direction of the incident light was parallel to one of the 
four/011 / directions on (100). For all domains the unique axis of the indicatrix is parallel 
to one of the (111) directions. The projections of these unique axes on the (100) face 
are pointing in the four /011/ directions. Therefore for every domain the principal axes 
are pointing in the /0 1 1/ directions, and thus the four types of domain all have the same 
extinction directions as observed in the RPM studies.
Surface regions can remain dark upon rotation for two possible reasons. First, the 
reflectivity of these regions might be isotropic, indicating that these regions still have 
the f.c.c. structure and did not undergo the phase transition during cooling. Second, 
these regions may consist of a very dense structure of microdomains, their dimensions 
being below the resolution of optical microscopy. The latter possibility is supported by 
the observation of pseudo-domains, the so-called ‘puzzle game domains’ (Schmid 
et ah 1988, Rabe et a i  1990) as shown in fig. 9. In areas with puzzle game domains 
a dense structure of domain walls parallel to /010/ is present. A group of parallel 
elongated domain walls with submicrometre spacing introduces a pseudo-symmetry 
with pseudo-mirror planes parallel and perpendicular to the /0101 directions, that is 
making an angle of 45° with the extinction directions of the domains. Owing to form 
birefringence inside each of these puzzle domains, anisotropic reflectivity occurs that 
is characterized by a difference in reflectivity for light with its polarization parallel and
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dense pattern of parallel domain walls can just be discerned at the highest 
magnifications.
3.4. Observation of a phase transition at 303 K  
During the present DICM and RPM studies a second phase transition was observed 
in situ at 303 ±  2 K. This phase transition could be initiated by changing the intensity 
of the microscope light incident on the surface, or by heating or cooling the crystal with 
the help of a Peltier element. The heat introduced by the incident light raises the 
temperature maximally by 6 K, as no phase transition could be introduced at crystal 
temperatures below 297 K. Upon reducing the temperature below 303 K the patterns 
of rhombohedral domain walls remained unchanged on both the {100} and the {II i ) 
faces, but additional domains superimposed on the rhombohedral domains appeared on 
both types of faces. With the help of RPM the appearance of bright regions moving fast 
over the surface could be monitored. DICM studies showed the formation of extra 
structure on the surface. Domains having a surface orientation slightly 
different from the tilts in the feather patterns appeared, moved and were subsequently 
pinned. Increasing the temperature reversed the process, that is the superimposed 
domains moved in the opposite direction and subsequently disappeared. By means 
of slight changes in temperature the movement of the domain walls could be con­
trolled and the motion of the walls could be stopped and reversed at any place on the 
surface.
On the {11 1 } faces the extra domain lines are connecting two rhombohedral domain 
lines of type I and make an angle of 80-85° with the type I lines (fig. 10(a)). When 
the extra lines cross a type I line, they change direction, whereas no changes in direction 
are observed at the crossings with the type II lines. Fig. 10 (b) shows the extra domain 
patterns on the {100} faces. On these surfaces at least two types of domain line were 
found. These sets of lines make angles of approximately 45 and 80° with the main stems 
of the feathers. The latter are visible in fig. 10 (b) Several individual domain walls 
running in other directions were monitored (e.g. parallel to the stems).
Upon further cooling to 268 K, no changes were observed on the surfaces, 
although the phase transition of the trigonal structure towards the monoclinic 
structure has been reported to occur at 282 K (McGhie et a i  1994) or 295 K (Vaughan 
et a l  1993).
§ 4. G en era l  d iscu ssio n  a n d  c o n c lu sio n s
4.1. The formation of rhombohedral domains 
In situ studies of the phase transition showed that both on the {100} and the {111} 
faces the domains appeared and disappeared in groups. On the {111} surfaces, growth 
of the domains occurred along the length direction of the feathers. On the {100} faces, 
domain growth can also occur along feathers. On both types of surface the feather 
patterns consist of four different types of domain, implying an alternating creation of 
two sets of domains. Such a regularity of the arrangement of domains has already been 
described for the domain patterns on surfaces of, for example, Pb3(P04)2 (Torres, 
Ayroles, Roucau and Takana 1980), KFe(Mo0 4)2 and KIn(W0 4)2 (Otko, Nesterenko, 
Krainyuk and Nosenko 1983) crystals and is explained by a reduction in the internal 
stress by means of an alternation of opposite inclinations.
Although the feathers on one single surface were not formed at the same time, the 
domain walls of parallel adjacent feathers on both types of surface of the C70 crystals
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Orientations of domain walls between two adjacent domains that are indicated by the direction
of their unique axes. Also the calculated orientational differences of the (111) and (100) 
surfaces of these domains along a line perpendicular to the intersection line of the domain 
wall and these i l l ! )  and ( 100) sufaces are given.
Orientational differences (degrees)
Unique axes of Allowed
neighbouring domains domain walls On (111) On (100)
A: ( i l l )  and B: f l l l j (100) 8-2 —
(011) 4-4 12-5
A : [111] and C; [ 111J (010) 8-2 8*5
(101) 4-4 4*3
A: [111| and D : [ I I I ] (001) 8*2 8-5
(110) 4*4 4*3
C: [111] and B: [111] (001) 0 8-5
(110) 6-1 4*3
D: [111] and B: [ i l l ] (010) 0 8-5
(10T) 6*1 4-3
C: [ H I ]  and D: [111] (100) 0
(O il) 6*1 12-5
the two adjacent domains, ail possible domain walls can be determined (Fousek and 
Janovec 1969). For the phase transition of m3m to 3m the walls that are predicted 
(Aizu 1970, Sapriel 1975) are listed in the table.
4.2. The domain patterns on the {17/} faces
Using the table, domain walls can be assigned to all the lines that are present in the 
Ftp and the symmetrically equivalent F/k feathers. For the Fa/? feathers in fig. 4 the type 
Ha lines are the manifestation of (10T) domain walls, the type I lines are due to either 
(001) or (110) domain walls and the type lib lines are the result of either (101) or (010) 
domain walls.
It can also be derived from the table that, for each type of feather, only one 
arrangement of domains is possible, namely the arrangement that is observed in the 
RPM measurements (see fig. 4). Thus an interrupted type I line as observed with DICM 
and AFM is an uninterrupted line composed of domain walls between A and D and 
between B and C domains. On comparison of the orientational differences along 
the type I lines as determined in the AFM measurements (see section 3,2.1) with the 
calculated values (see table) it can be concluded that the type I lines are the manifestation 
of (001) domain walls at the (111) surface. This agrees with the same conclusion in 
section 3.3.1, which was deduced from the fact that the type I lines on the {111} faces 
proceed as the main stems of feathers on the {100} faces. The domain wall between 
the B and C domains as indicated by a broken line in fig. 4 cannot be observed with 
DICM and AFM because B and C domains that are separated by a (001) domain wall 
have the same inclination on the (111) surface. Similarly, it can be concluded that the 
type fib lines are due to (101) domain walls.
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Assignment of domains and domain walls to the feather patterns on the (100) face. Using the
criterion of allowed domain walls two possible arrangements, (a) and (¿>), can be derived. 
Confrontation with the results of DICM and AFM measurements rejects possibility (b ).
A, B, C and D represent rhombohedral domains having their unique axis in the [111], 
the [1 11], the [111] and the [111] directions respectively.
4.3. The domain patterns on the {100} faces
Using the table the orientations of the different domains of the feather patterns on 
the {100} surfaces can be deduced. As shown in fig. 8, feathers running in two directions 
have been observed on the (100) face. These two feathers are symmetry related by the 
fourfold axis. Each symmetrically unique feather allows for two different assignments 
of domains and domain walls to their pattern, as is schematized in fig. 11. There are 
no other possibilities. The pattern presented in fig, 11 (b) can be rejected for two reasons. 
First, as was mentioned in section 3.3.1, the type I lines on the {111} faces proceed 
as the main stems of the feathers on the {100} faces. Thus these lines are the outcrops 
of {001} domain walls, Only in fig. 11 (a) are the main stems of the feathers formed 
by these domain walls. Second, from the analysis of the AFM images it follows that 
the difference in orientation between two domains being separated by the line 
corresponding with the main stem of a feather is 8 ±  1° (see section 3.3.1). Calculations 
show that this difference is 4-3° for a (1 TO), (110), (101) or (101) domain wall, whereas 
it is 8’5° in case of a (010) or a (001) domain wall (see table). The calculated 
orientational difference between two domains separated by a line forming the side 
branch of a feather is 12*5° for both patterns presented in fig. 11, which is in accordance 
with the angle of 11 ±  1° that was measured by AFM.
In the same way as above, it can be deduced that the domains in the groove patterns 
parallel to [001] on the (100) face are B and D or A and C domains separated by (010) 
walls and those in the grooves parallel to [010] on the same face are A and D or B and 
C domains separated by (001) walls.
For the basin-like structures on the {100} faces, no final explanation could be found. 
The orientational differences between the bottom of the basin and its side walls as 
determined by AFM measurements are approximately half those for the boundaries 
between two tilted domains. This strongly suggests that the bottom of the basin either 
has kept the original orientation of the f.c.c. {100} face and thus still has the f.c.c. 
structure or consists of a very dense structure of nanodomains, that is the spacing 
between two adjacent walls must be smaller than' lOnm in this case. The former
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explanation, however, is not very likely as it implies high residual stresses in the f.c.c. 
areas as well as in the boundaries between f.c.c. areas as well as in the boundaries 
between f.c.c. and rhombohedral domains. Still, no definite explanation has been found. 
At this moment, high-resolution TEM measurements are being performed on these 
crystals in order to study their microstructure (Bernaerts 1995).
4.4. The phase transition at 303 K
Thus far, for f.c.c. grown C70 crystals, only two phase transitions have been reported, 
namely the transformation of the (high-temperature) f.c.c. lattice into the rhombohedral 
lattice at 361 K and the subsequent transition towards a monoclinic structure at 282 K 
(McGhie et a i  1994). At both phase transitions the symmetry reduction will introduce 
domain walls. The 361 K phase transition could be identified unambiguously in our 
experiments. However, we observed a second phase transition which introduced extra 
domain walls at a temperature that is 21 K higher than the 282 K transition. No hysteresis 
could be observed in the temperature of the phase transition. The exact nature of the 
phase transition at 303 K and the extra domain lines occurring below this temperature 
is still unknown. Considering the fact that the existing domain walls remained while 
the new domain walls appeared, the low-temperature structure is most likely a subgroup 
of the trigonal structure. Thus either a monoclinic or a triclinic structure is formed 
(Sapriel 1975). As the number of expected domains and domain walls for the f.c.c. 
grown crystals after transition from the rhombohedral phase are 12 and 45 respectively 
for the monoclinic phase and 24 and 117 respectively for the tri clinic phase, the patterns 
of domain walls in fig. 9 are too complicated to be easily identified.
It has to be mentioned that McGhie et a i  performed their measurements on a mixture 
of f.c.c. and h.c.p. grown material and observed four transitions of which two were 
assigned to the h.c.p. grown crystals. One of the latter two transitions occurred at 
approximately 300 K. This could suggest either that this transition is the transition from 
the trigonal to the monoclinic phase or that three transitions can be observed in the f.c.c. 
grown crystals. In our experiments, no evidence for a third transition was found; in the 
temperature region between 303 and 268 K, no changes in surface structure were 
observed during the RPM and DICM studies. Detailed studies of the crystal structure 
below 303 K are in progress.
The fact that the extra domain walls have not been observed during the AFM 
measurements can be explained by a local heating of the crystal surfaces during the 
scans by the solid state laser in the AFM equipment.
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